Multiple forms of starch synthases (EC 2.4.1.21) are critical for the synthesis of starch in higher plants. These enzymes catalyze the extension of linear glucan chains by the transfer of glucose from the nucleotide sugar ADPglucose. Recombinant maize starch synthase I (rSSI) was purified from Escherichia coli in order to study the regulation of this enzyme by protein phosphorylation. The rSSI was phosphorylated in vitro by incubation with [γ-32 P]-ATP and maize amyloplast lysates, which were used as a source of protein kinase. Maximal phosphorylation of rSSI was achieved within 20 minutes, and there was no noticeable change in the amount of phosphorylation beyond this time. Phosphoamino acid analysis of rSSI indicated phosphorylation of one or more serine residues. In order to purify and identify the phosphopeptides, phosphorylated rSSI was digested with trypsin to yield smaller peptides, which were then concentrated using Immobilized Metal Affinity Chromatography (IMAC). Potential phosphopeptides eluting from the IMAC column were purified and putatively identified using reversed-phase (C18 column) High Pressure Liquid Chromatography (HPLC). They were then analyzed by mass spectrometry using Matrix-Assisted Laser Desorption/Ionization-Time of Flight (MALDI-TOF) which yielded the mass of potential phosphopeptides. S Barker, Romanova, Emes and Tetlow
tarch is a glucose polymer synthesized in plastids of higher plants and functions as a major energy storage molecule. Transient starch is synthesized by chloroplasts in the leaves of plants during the day, and it is degraded overnight to fuel non-photosynthetic metabolic pathways. 15 Within storage tissues and developing seeds of higher plants, starch for long-term storage is synthesized by nonphotosynthetic plastids called amyloplasts. 15 Two types of glucose polymers can be present within the starch granule: amylose and amylopectin. Amylose consists primarily of unbranched glucose chains with α-(1→4) linkages, which are generally believed to exist as single helices or random coils within the amylopectin matrix. 14 Amylopectin on the other hand, represents approximately 75% of the starch granule by mass, 14 and is a large glucose polymer with regular branch points formed by α-(1→6) linkages, which attach unbranched α-(1→4) glucan chains to the main body of the amylopectin. 9 The organization of amylose and amylopectin within the starch granule allows for dense and efficient packaging of starch into an insoluble body within the plastid. The synthesis of the starch granule occurs by the complex and coordinated action of a variety of enzymes. Starch synthases (SSs, 2.4.1.21) are a class of enzymes which elongate linear α-(1→4) linked glucose chains by catalyzing the transfer of the glucose portion of adenosine 5' diphosphate glucose (ADPGlc) to the reducing end of an existing glucan chain. 15 SSI is a soluble enzyme distributed between the starch granule and the stroma. 1 SSI functions to add glucose units to the reducing end of existing α-(1→4) linked glucan chains of amylopectin if they have a degree of polymerization (DP) of less than 10 glucose units. 2 As the chains grow longer than a DP of approximately 20 glucose units, SSI will no longer add glucose and other enzymes will continue the synthesis of amylopectin. 2 These enzymes include starch synthases II and III, which catalyze the extension of progressively longer glucan chains and starch branching enzymes (SBEs, EC 2.4.1.18) which produce the α-(1→6) linkages in amylopectin. 14 SS IV is known to exist in leaves and non-photosynthetic tissues, and although the precise function of SSIV remains unknown, recent evidence suggests it is involved in starch granule initiation. 12 Debranching enzymes (DBEs, EC 3.2.1.41 and EC 3.2.1.68) also play a role in amylopectin synthesis; they hydrolyze α-(1→6) linkages of amylopectin and are necessary for the proper formation of crystalline amylopectin. 10 Granule bound (GB) forms of starch also synthases exist: GBSSI and GBSSII are found within the amylopectin matrix and function to elongate amylose. 14 Little is known of the post-translational regulation of starch biosynthetic enzymes. Recent work suggests the involvement of protein-protein interactions, some of which have been shown to be dependant on the phosphorylation state of the enzymes involved. 13, 16 Complexes containing SSI, SSIIa and either SBEIIa or SBEIIb have been shown to exist in wheat amyloplasts. 13 The phosphorylation state of maize SSI may play a role in regulating enzymatic activity and protein-protein interactions. The focus of the research outlined in this paper was to investigate the phosphorylation site of maize SSI.
Protein phosphoryation is currently a major area of interest because it plays a significant role in the regulation of enzymatic activity; as such, many methods for studying phosphorylated proteins have been developed. Phosphoamino acid analysis, as described by van der Greer et al., is a proven technique for identifying the presence of one or more phosphoamino acids, such as phosphoserine, phosphothreonine and/or phosphotyrosine. 18 Once the type(s) of phosphoamino acids that are present within the protein is/are known, the specific phosphorylation site of a protein can be identified. Mitchelhill and Kemp describe a method whereby the protein is digested by trypsin, and the peptides are separated by reversed-phase High Pressure Liquid Chromatography (HPLC) then analyzed by mass spectrometry using Matrix-Assisted Laser Desorption/ Ionization-Time of Flight (MALDI-TOF). 8 The use of Immobilized Metal Affinity Chromatography (IMAC) has previously been shown to enrich phosphopeptides which can then be analyzed through the use of other methods. IMAC enriches phosphopeptides in a solution by selectively binding the negative phosphate group of a phosphopeptide to positively charged Fe(III) bound to a resin in a column. The phosphopeptides can be eluted by a solution of phosphate salt. For an overview and protocols for IMAC, refer to Turkina and Vener. 17 
MATERIALS AND METHODS

Maize Plants and Preparation of Amyloplast Lysates
Maize (Zea mays L.) was grown in the field by the University of Guelph during the summer of 2008. Ears were harvested approximately 16 days after pollination (DAP) and amyloplasts were extracted the same day as the harvest. Maize amyloplast extracts were prepared from endosperm tissue as described by Hennen-Bierwagen et al. 5 which is a modified version of the procedure for wheat described by Tetlow et al. 16 The endosperm was minced in a Petri dish on ice using a razor blade while suspended in amyloplast extraction buffer (50mM N-(2-hydroxyethyl) piperazine-N'ethanesulfonic acid (HEPES)/KOH, pH 7.5, 0.8M sorbitol, 1mM KCl, 2mM MgCl 2 , and 1mM Na 2 -EDTA). This mixture, containing amyloplasts and starch granules, was filtered, and then layered over 3% (w/v) Histodenz (Sigma, catalog no. D2158), and amyloplast extraction buffer. This solution was centrifuged at 100g and the supernatant containing starch and whole amyloplasts was collected. The amyloplasts were lysed using rupturing buffer (100mM Ntris (hydroxymethyl) methyl glycine (Tricine)/KOH, pH 7.8, 1 mM Na 2 -EDTA, 1 mM dithiothreitol (DTT), 5 mM MgCl 2 , and a protease inhibitor cocktail from Sigma-Aldrich, catalog no. P 9599, used at 10 µL per cm 3 ). The lysed amyloplasts solution was centrifuged at 13 500g at 4ºC to remove starch granules. The supernatant was collected, and was ultracentrifuged at 150 000g to remove the remaining plastidial membranes.
Expression of Recombinant Maize SSI
SSI plasmid vectors (pET 29a, Novagen) were provided to Ian J. Tetlow's lab by Dr. A. Myers and Dr. M. James from Iowa State University. The plasmid contained amino acids 39 to 640 of SSI since amino acid 39 has been identified as the mature N-terminus of the protein, 6 and an S-tag was fused to the N-terminus of the amino acid sequence. The rSSI was expressed in the BL21-CodonPlus (DE3)-RP strain of Escherichia coli and rSSI was isolated according to the Novagen manual for BugBuster Protein Extraction Reagent (protocol TB245 Rev. E 0304). The rSSI was purified and refolded according to the Novagen manual for Protein Refolding. Modifications to this protocol were as follows: the first dialysis buffer included 1mM ditrithreitol (DTT) and 1mg/mL maltoheptaose, the second included 1mM DTT, and the third and fourth both included 0.1mM DTT.
Polyclonal Maize SSI Antibodies
The polyclonal maize SSI antibodies were produced as described in Liu et al. 7 Rabbits were injected with the commercially prepared amino acid sequence AEPTGEPASTPPPVPD, AA which corresponds to residues 72 to 87 of SSI. Antibodies were purified from the crude rabbit antiserum using peptide affinity columns, composed of the abovementioned SSI amino acid sequence linked with sulfolink resin slurry. The column was washed (Tris-HCl pH 8.5), then blocked with 50mM cysteine in wash buffer. Rabbit antiserum was applied to the column to allow for antibody binding to the SSI peptide. Antibodies remained bound to the column while all other components of the antisera were washed out using three buffers: RIPA buffer [50mM Tris-HCl, pH 7.5, 150mM NaCl, 1% (w/v) nonyl phenoxylpolyethoxyl ethanol (NP-40), 0.5% (w/v) Nadeoxycholate, 0.1% (w/v) sodium dodecyl sulphate (SDS)], sarcosyl buffer (NETN (20mM Tris-HCl, pH 8.0, 1M NaCl, 1mM Na 2 -EDTA and 0.5% (w/v) NP-40)) and 10mM Tris-HCl pH 7.8 buffer. The antibodies that remained bound to the column were eluted using 100mM glycine pH 2.5.
SDS-PAGE and Immunoblotting
SDS-PAGE and immunoblotting were performed based on the method outlined in Tetlow et al. 13 Samples were prepared by boiling for 5 minutes in SDS loading buffer. The SDS gels used were 4-16% gradient gels prepared using a Bio-Rad Model 485 Gradient Former. Gels were either stained by a colloidal Coomassie G-250 kit (Simply Blue Safestain, Invitrogen) or silver stained by the method described by Shevchenko et al, 11 and were run at room temperature in a MOPS running buffer. For immunoblotting, proteins were transferred to nitrocellulose membranes, then blocked with bovine serum albumin (BSA), and exposed to antibodies as described by Harlow and Lane. 4 
SS Zymogram
Zymograms to test rSSI activity were carried out as described by Liu et al. 7 which were based on methods previously described by Tetlow et al. 13 The zymograms were native 5% (w/v) polyacrylamide gel assays, that included 10mg of the α-amylase inhibitor Acarbose ("Prandase", Bayer), and 0.3% (w/v) rabbit liver glycogen (type III, Sigma-Aldrich) which acted as a glucan chain primer. Recombinant SSI was incubated in the gel for 48 to 72 hours in buffer (50mM glycylglycine, pH 9.0, 100mM (NH 4 ) 2 SO 4 , 20mM DTT, 5mM MgCl 2 , 0.5mg/ml BSA, 4mM ADPGlc). Zymograms were developed in Lugol's solution and immediately analyzed.
In vitro Phosphorylation of Recombinant Maize SSI and Immobilized S-tagged rSSI Pull-Down
The method for in vitro phosphorylation of amyloplast proteins is described by Liu et al. 7 Plastid lysates were used as a source of kinase and were incubated with gentle rocking for 20 minutes with rSSI (protein ratio of 8:1) and 0.1mM ATP (either 250µCi [γ-32 P]-ATP (Perkin-Elmer) or nonradioactive ATP as the experiment required). S-protein agarose was blocked by incubating it at room temperature with 1.5% BSA and was then added to the rSSI solution in a ratio of 1:1 rSSI to S-protein agarose by mass (to reduce nonspecific binding). Incubation continued for an additional 30 minutes. The reaction was terminated by washing the Sprotein Agarose beads with wash buffer (20mM Tris-HCl pH 7.5, 750mM NaCl, 5mM DTT, 0.1% Triton X-100). The Sprotein agarose beads and attached proteins were collected by low speed centrifugation.
Phosphoamino Acid Analysis 32 P-labelled rSSI was run on SDS-PAGE, and then excised from the gel for partial acid hydrolysis, as described by Tetlow et al. 16 and van der Greer. 18 The gel slices were incubated at 110ºC for 1 hour in a 5.7 M HCl solution. Phosphoamino acid standards (Sigma-Aldrich) and rSSI samples were determined by autoradiography. Scintillation Counting 32 P radioactive decay was measured by an LS 6500 multipurpose liquid scintillation counter according to the manufacturer's instructions.
Matrix-Assisted Laser Desorption/Ionization-Time of Flight
Mass spectrometry was performed by the University of Guelph Mass Spectrometry facility using a Bruker MALDI-TOF as described by Mitchelhill and Kemp. 8 
SSI Digestion by Trypsin
Recombinant SSI was digested by sequencing grade modified trypsin using a procedure modified from the one provided by the manufacturer. Recombinant SSI attached to S-protein agarose was incubated at 95ºC in 50mM Ammonium Bicarbonate and 20mM DTT with intermittent agitation for 7 minutes. After cooling, trypsin was added at a ratio of 1:50 and incubated with gentle rocking at 37ºC for 2 hours. The same amount of trypsin was added again, and the solution was incubated for 16 hours at 37ºC with gentle rocking. The peptides were collected in the supernatant after centrifugation at 13 000 g for 2 minutes.
Immobilized Metal Affinity Chromatography
IMAC was performed using a HiTrap chelating HP column according to the manufacturer's instructions. The column was washed using 10mL of water. Iron was bound to the column by loading 4mL of 20mM Fe(III)Cl 3 , and excess Fe 3+ was washed away using 5mL of water. The column was equilibrated with 3mL of running buffer (20mM sodium acetate pH 5.0) and the samples were subsequently loaded and allowed to bind to the column. Unbound peptides were then washed off using 10mL of running buffer, and were eluted using 5mL of 100mM sodium dihydrogen phosphate.
Reversed-Phase High Pressure Liquid Chromatography
Reversed-phase HPLC was performed using a Gemini-NX 3µ C18 110A column on an Agilent 1100 Series HPLC according to the manufacturer's instructions. The liquid phase was a gradient of HPLC grade water and acetonitrile, 
RESULTS
Recombinant maize SSI was purified from Escherichia coli cells which had been transformed by plasmids containing the sequence for maize SSI. Peptide specific polyclonal maize SSI antibodies from rabbit antisera recognized and bound to the rSSI when immunoblotting was performed (data not shown). Activity was measured using a SSI zymogram, which showed that the recombinant protein was catalytically active (data not shown).
Recombinant maize SSI was phosphorylated when incubated with amyloplast lysates (as a source of kinase) and [γ-32 P]-ATP, and maximal phosphorylation was reached within 20 minutes. No significant changes in the level of phosphorylation occurred after 20 minutes as determined by densitometry (Figure 1) . In all further experiments, rSSI was incubated with maize amyloplast lysates as a source of kinase for 20 minutes, followed by 30 minutes of incubation with protein S-protein Agarose, for a total of 50 minutes of incubation in the presence of ATP. Phosphoamino acid analysis of 32 P labelled rSSI was performed to determine which amino acid residue(s) were phosphorylated. The results indicated that rSSI is phosphorylated on one or more serine residues (Figure 2) . Once this information had been Figure 5A shows absorbance for molecules eluting from the C-18 HPLC column between 9 and 35 minutes. Figure 5B shows a close  up of the absorbance values between 14 and 14.5 minutes. In both figures, the blue line represents a solution of trypsin digested,  IMAC treated, phosphorylated rSSI. The red and green lines are controls: the red line represents a trypsin digested, IMAC treated, The ExPasy PeptideMass specifications used were as follows: cysteines were untreated, thus they were reduced, and monoisotopic masses were returned such that zero missed cleavages was selected. For data analysis purposes, one missed cleavage was assumed (masses not shown). The input sequence of rSSI included amino acids 39 to 640, which corresponds to the mature maize SSI protein. 6 obtained, the next step was to determine which specific serine residue(s) was/were phosphorylated. A method was developed in which phosphorylated rSSI was digested by trypsin; the phosphopeptides were enriched by IMAC; the enriched phosphopeptide were separated by reversed-phase HPLC; and potential phosphopeptides were analyzed by MALDI-TOF. Digestion of rSSI by the protease trypsin yielded peptides (Figure 3) . During this procedure, trypsin ultimately digested itself, implying that the solution contained a variety of peptides from both rSSI and trypsin. The masses of the resulting rSSI peptides were predicted using the Expasy PeptideMass online protein digestion tool published by the Swiss Institute of Bioinformatics ( Table  1) . 3 A comparison of Figure 3 to the predicted masses of rSSI peptides ( Table 1) indicates that the mass of the peptides was greater than predicted.
non-phosphorlated rSSI solution and the green line is a control identical to the other solution except without the addition of any rSSI. The blue absorbance peaks in this region do not correspond with either of the controls. Thus they could potentially have been created by phosphopeptides in the sample.
To obtain a solution enriched in phosphopeptides, IMAC was performed on the trypsin digested rSSI solution using a HiTrap chelating column. An experiment was conducted to ascertain the effectiveness of this procedure. The rSSI was labelled with 32 -P, digested using trypsin, and scintillation counting was used to track the phosphopeptides (Figure 4) . Approximately one third of the labelled phosphopeptides could not be loaded to the IMAC column because they remained in the S-protein agarose pellet. The peptides solubilised from the S-protein agarose did bind to the IMAC column matrix, and only half were eluted from the column in the elution buffer. The rest remained bound to the column. HPLC was performed on trypsin digested rSSI samples. Putative phosphopeptides were identified by the presence of an absorbance peak for the phosphorylated sample, but not in samples that lacked the ATP treatment, which were used as a control (Figure 5) .
Analysis by MALDI-TOF was performed, but no expected phosphopeptide masses were returned ( Table 2 ).
DISCUSSION
The rSSI phosphorylation time course experiment was performed to ensure that maximum phosphorylation could be achieved before further analyses were performed. Maximal phosphorylation was reached within 20 minutes and remained stable thereafter, which was information used when designing subsequent experiments. These experiments highlighted the importance of ensuring that non-specific binding of amyloplast proteins to S-protein agarose did not occur. Two-hundred and fifty [250] mL of a harsh wash buffer containing DTT, Triton X-100 and 750mM NaCl were used to strip away all other proteins from the affinity resin. Additionally, the S-protein agarose was blocked with 1.5% bovine serum albumin prior to adding it to rSSI at a ratio of 1:1 by mass to reduce non-specific binding of proteins to Sprotein agarose as has been used previously. 7 Phosphoamino acid analysis indicated that one or more serine residues on rSSI were phosphorylated, contrary to threonine or tyrosine, which were not. The rSSI contained SSI amino acid residues 39 to 640 which represent the mature protein. 6 Between residue 39 and 640 there are 28 serine residues, any of which could be the target of the plastidial protein kinase(s). Further experiments were developed to ascertain which specific serine residue(s) represented the phosphorylation site(s) of rSSI.
Further optimization of rSSI trypsin digestion may be necessary, as results indicated that rSSI was not completely digested. However, the scintillation counts of 32 -P-labelled phosphopeptides indicates that there was phosphopeptide recovery from the IMAC column. Subsequent separation by reversed-phase HPLC and analysis by MALDI-TOF yielded no masses corresponding to the predicted values for rSSI phosphopeptides within ±1 Da. This may have occured because the isolated phosphopeptide(s) were outside the optimal range for detection by MALDI-TOF (between 800Da and 2500 Da). Optimization of the trypsin digestion procedure may reduce peptide masses to within the optimal range, or conversely, digestion by another protease could There are no matches with expected phosphopeptides of up to one missed cleavage within ± 1.0 Da of the masses returned by MALDI-TOF. The closest match is 2151.52 to the expected mass of 2152.97; a double phosphorylation of a peptide containing amino acid residues 109 to 126 which results from one missed cleavage. This phosphopeptide is unlikely to be present in solution due to the discrepancy between the expected and actual mass.
produce phosphopeptides of more amenable sizes. Alternatively, analysis of the phosphopeptides by reversedphase HPLC could have been compromised because the concentration was insufficient for detection. The scintillation counts of 32 P-labelled peptides indicated that approximately one third remained in the S-protein agarose pellet and approximately half of the amount loaded to the IMAC column did not elute. As a result, the concentration of phosphopeptides in the solution was very low, and phosphopeptides may not have been detectable as they eluted from the C-18 HPLC column. In future experiments, optimizing the IMAC procedure may help to increase the recovery of phosphopeptides, or adequate concentrations can be ensured by pooling IMAC eluate and concentrating it.
Recombinant SSI was used for these experiments due to the ease of manipulating significant amounts of this protein for downstream protein chemistry applications. However, the use of recombinant proteins has some drawbacks. For example, the rSSI used contained an S-tag fused to the Nterminus of the enzyme, which could affect its 3D conformation and interaction with other proteins such as kinases. Another drawback of using rSSI is that during the purification and refolding procedure, it is likely that not all of the rSSI refolded into the same conformation as native SSI. This could affect the protein's interaction with kinases and thus the degree to which the protein might be phosphorylated in vitro. Ideally, additional experiments should be conducted with native maize SSI to confirm that any phosphorylation sites found on the recombinant protein are indeed phosphorylated in vivo.
In summary, we have shown that in vitro phosphorylation of recombinant maize SSI can occur at one or more serine residues through the action of an endogenous plastidial protein kinase. In spite of the fact that no phosphopeptides have been characterized, these experiments indicate that the specific identification of rSSI phosphorylation sites via this method is feasible. Further experiments designed to optimize the IMAC procedure, and the use of additional or alternative proteases, might overcome encountered technical problems.
